Abstract
iNTRODUCTiON
Leaf nitrogen (N) and phosphorus (P) concentrations play vital roles in plant growth, the productivity, functioning and nutrient cycling of plant communities (Reich 2005; Venterink and Güsewell 2010) . Ecological stoichiometry provides a mechanistic theory in exploring the energy and nutrient cycling from individuals to ecosystems (Elser et al. 2003) , which yields new insights into the vegetation composition, ecosystem function and nutrient limitation (Venterink and Güsewell 2010) . Thus, the study on the relationship between leaf N:P stoichiometry and climatic factors has emerged as a hotspot in current ecology and geosciences (Reich and Oleksyn 2004) .
Leaf N:P stoichiometry can be influenced by climate, such as mean annual temperature (MAT) and mean annual precipitation (MAP), as well as phylogeny (Sardans et al. 2011) . Generally, the consistent results on the relationship between temperature and leaf N:P stoichiometry have been found in several studies, which demonstrate the increasing leaf N, P concentrations with decreasing temperature (Reich and Oleksyn 2004; Xu et al. 2015) . However, the other studies reveal various distribution patterns of plant N:P stoichiometry in different ecosystems and at various scales (Killingbeck and Whiteford 1996; Li et al. 2010; He et al. 2014) . For examples, the study conducted at 14 forest sites in eastern China demonstrates that leaf N, P were negatively related to MAT and MAP, respectively (Chen et al. 2011) , while other study in Chinese grassland shows that leaf N, rather leaf P, is positively correlated with MAP (He et al. 2010) . Even in the similar community types, the inconsistent conclusions also were found between leaf N:P stoichiometry and climatic factors (Austin et al. 2004) .The study at regional scale in Alxa Desert indicates that climate factors have no effect on leaf N:P stoichiometry (He et al. 2014) , while the other study in the desertified region in north of China shows that leaf N:P stoichiometry is significantly determined by precipitation (Li et al. 2010) .
The variations in climate and geomorphology often influence vegetation distribution, community structure and plant leaf nutrients (Hou 1983) . Changes in spatial patterns of temperature and precipitation may alter species composition, lead to changes in leaf element concentrations of plant community, subsequently, affect nutrient cycling of ecosystems (Zhang et al. 2012) . Studies suggest that plant diversity acts primarily on foliar carbon and nitrogen, whereas change in foliar phosphorus is associated with the productivity of the local plant community (Zhang et al. 2012; Borer et al. 2015) . So far, ecological stoichiometry has been studied in terrestrial plants for many years, and most of studies focused on grassland and forest, as well as alpine plant (Han et al. 2005; He et al. 2010 , Xu et al. 2015 , we know little about the characteristics of leaf N:P stoichiometry along the climate gradient at a large scale, especially in sandy region. Therefore, intensive study is required for the valuable data and for better understanding of the large-scale patterns of N:P stoichiometry in sandy environment.
The sandy region, situated in a 3000-km transect at temperate zone in China, covers >1.67 million km 2 (accounting for 17% of total area of China) and is highly vulnerable to climate change (Yuan and Dong 2003) . Co-limited by water and nutrient, much research has been conducted at this region for understanding water and nutrients processes and modeling the nutrient cycling of ecosystems (Li et al. 2010; Lü et al. 2012; He et al. 2014) . In this study, we examined the patterns of leaf N:P stoichiometry of dominant psammophyte across sandy region, northern China. The main objectives were to (i) understand the patterns of leaf N:P stoichiometry in the sandy region; (ii) elucidate the leaf N:P stoichiometric traits of psammophyte across plant life forms (LF) and functional groups; and (iii) determine the key factors controlling the patterns of leaf N:P stoichiometry in sandy region.
MATERiALS AND METHODS

Site description and climatic data
The sandy region is mainly situated in the north of China (75 
Field sampling and measurements
The samples were collected at 37 sites in sandy region, northern China (Fig. 1 ). According to visual inspection, communities with flat topography and subject to minimal grazing and other anthropogenic disturbances were selected for sampling sites. Based on 10 m × 10 m quadrates survey, the leaves of the dominant species were sampled in each plot during the growing season (May to July) in 2013 (Cornelissen et al. 2003) . For each plant species, sun-exposed, full-expanded mature leaves without pests were collected from three to five individuals, and then the leaves (not less than 100 g for every species) were mixed thoroughly in a paper envelope and taken back to the laboratory. Finally, 352 plant samples belonging to 167 species, 34 families were obtained (supplementary Table S1 ). Upon returning to the laboratory, the samples were measured according to previous methods . Briefly, after oven-dried at 80°C to a constant weight, the samples were ground and sieved through a 0.25-mm mesh screen for chemical analysis. Leaf N concentration was measured by dry combustion using an elemental analyzer (FLASHEA 1112 Series CNS Analyzer, Thermo, USA), and leaf P concentration was conducted by the molybdate/ascorbic acid method after H 2 SO 4 -HClO 4 oxidation (Kuo 1996) . All samples were measured in the State Key Laboratory of Grassland Agro-Ecosystem, Lanzhou University.
Data analyses
The N and P data were expressed as the arithmetic means based on dry mass basis, so the comparison can be conducted with previous studies (He et al. 2008) . The normal distribution was observed by using K-S non-parametric test. All plant samples were further classified into the following groups on the basis of plant LF (grass, forb, shrub and tree), functional groups (photosynthesis pathways: C 3 and C 4 plant; nitrogen fixation: legumes and non-legumes) according to descriptions in Flora of China (Wu 1980) . The relationship between leaf N and P, and the effect of climatic factors on leaf N, P and N:P were examined by linear regression. An independent-samples t-test and one-way analysis of variance with the Duncan post hoc tests were used to compare the variations in leaf N, P stoichiometric trait and the variation of averaged N, P concentrations in the sandy region with previous studies. The structural equation modeling (SEM) was used to analyze the effects of climate (MAT and MAP) and phylogenetic variable (family) on leaf N:P stoichiometry. We tested how well the model fitted the data using the maximum likelihood χ 2 goodness-of-fit test, Jοreskog's goodness-of-fit index and the Bollen-Stine bootstrap test. The statistical analysis was performed using SPSS 18.0 (SPSS Inc., USA).
RESULTS
The patterns of leaf N:P stoichiometry
The mean values of leaf N, P concentrations and N:P ratio were 33.22 and 2.56 mg/g and 13.21, respectively, and varied 5-to 9-fold across all species (Table 1) . Leaf N was highly positively correlated with P across LF and each functional group (Fig. 2) . The dramatically lower leaf N, P concentrations were found in grass plant rather than in forb, shrub and tree groups. C 3 plant presented significantly higher leaf N, P concentrations than C 4 plant, whereas no distinct change in N:P ratio. Furthermore, legume had the higher leaf N, P concentrations and N:P ratio compared with non-legume ( Table 1 ).
The patterns of leaf N:P stoichiometry along climatic gradients
Generally, leaf N, P concentrations were negatively correlated with MAT (P < 0.0001, R 2 = 0.13 and 0.19 for N and P with MAT, respectively, Fig. 3a and c) , but positively correlated with MAP (P < 0.0001, R 2 = 0.18 and 0.33 for N and P with MAP, respectively, Fig. 3b and d) . MAP presented strongly effect on leaf stoichiometry than MAT did ( Fig. 3b and d) . Within each LF and functional group, leaf N, P were dramatically related to MAT and MAP, respectively, aside from grass plant in which no relation was found between leaf N and climatic factors ( Table 2 ). The N:P ratios constrained strictly against Psammophyte leaf N, P (mg/g) and N:P ratio in sandy region, north of China. Number of samples (n), mean value (mean), standard deviation (SD) and coefficient of variation (CV, defined as SD/mean) are reported. Differences between each group were tested using a one-way analysis of variance with a Tukey post hoc test of significance; significant differences at P < 0.05 are indicated by different letters.
MAT and MAP across all samples, within each LF and functional groups, respectively (P > 0.05, Fig. 3e and f, Table 2 ).
Main factors on leaf N:P stoichiometry
The SEM results confirmed the results in Fig. 3 . What's more, the shifts of leaf N, P concentrations may be related to phylogeny (Fig. 4) . MAP affected leaf N, P concentrations directly or indirectly through phylogeny, while MAT only shown direct effect on leaf N concentration. The leaf N displayed a positive effect on leaf P in psammophyte in sandy region of northern China (Fig. 4) .
DiSCUSSiON
The psammophyte is characterized by high leaf N, P concentrations, and lower N:P ratio
The average of leaf N, P concentrations (33.22 and 2.56 mg/g, respectively) of psammophyte in north of China are obviously higher than precious studies in Chinese grassland (He et al. 2008) , Chinese plant species (Han et al. 2005 ) and the global terrestrial data (Reich and Oleksyn 2004) . The higher leaf N concentration in psammophyte may mainly result from the accumulations of additional non-protein nitrogen (alkaloids, amino acid and so on) under water deficiency conditions.
The non-protein nitrogen plays important role in osmotic adjustment to resist to the drought stress, even under lower fertility region (Chen and Jiang 2010) , which demonstrates that psammophyte selectively favors traits contributing to a resource acquisitive (Brouillette et al. 2013) . Another potential explanation for higher leaf N may be attributed to the majority of deciduous species in this study, since deciduous species have higher N, P concentrations compared with evergreen plants (Killingbeck and Whiteford 1996) . Foliar N:P ratio is regarded as an indicator for nutrient limitation of plants. N:P < 10 and N:P > 20 indicate N limitation and P limitation, respectively, and N:P ratio between 10 and 20 implies N-P co-limitation (Güsewell 2004) . The significantly lower N:P ratio than the previous studies (Li et al. 2010; He et al. 2014) demonstrates that the psammophyte is more limited by N, rather P, in sandy region of northern China. This result agrees with the previous works on typical desert (Li et al. 2010) and may be attributed to the species-poor and lower decomposition rate in such environment (Vitousek et al. 2010) . Thus, compared with P, N is major limiting element in the region because leaf N is mainly derived from the decomposition of organic matter and leaf P is obtained by weathering (Reich and Oleksyn 2004) . overall and plant LFs (grass, forbs, shrub and tree) (a), functional groups of photosynthetic pathway (C 3 and C 4 ) (b) and N fixation pathway (legumes and non-legumes) (c). Lines were plotted if the linear regressions were significant at P < 0.05. The leaf N, P concentrations were demonstrated as means of mass based (mg/g).
C 3 and legumes plant, two dominant groups in sandy region, present higher leaf N, P concentration
The consistent results with Han et al. (2011) demonstrate that the grass has lower leaf N, P concentrations than forb group, and the forb presents higher leaf N content than tree plant (Han et al. 2005) . The fact that higher leaf N is always found in shortlived, fast-growing species (such as most forb) than in longlived, slow-growing species (such as tree plants) (Güsewell and Koerselman 2002 ) may account for above results. Higher N and P contents in C 3 plant are in agreement with the precious research (Halsted and Lynch 1996) . Despite of the higher photosynthetic N-use efficiency, the C 4 plant may exhibit more sensitive to water deficiency than C 3 plant (Ghannoum 2009 ). Another main reason for higher N contents in C 3 plants can be attributed to greater root:shoot ratio in C 3 plant than in C 4 plant, since higher root:shoot ratio may accelerate the uptake of N and P (Halsted and Lynch 1996) . By establishing a symbiotic relationship with rhizobium, leguminous plants can strengthen vastly the absorption of nutrient and water utilization efficiency under tough condition (Tarafdar and Kumar 1996) . Specifically, legumes mainly contributes to the utilization of gaseous nitrogen for plant growth (Vitousek et al. 2002) , which drive special mechanisms correlated to plant nutrients absorption in barren soil (Houlton et al. 2008) . The higher leaf P concentration may result mainly from the higher root phosphomonoesterase activity for legumes (Olde Venterink 2011) . In short, the higher leaf N, P concentrations in C 3 and legumes reflect the special nutritional utilization strategy for psammophyte in water and nutrient co-limitation sandy environment.
Higher leaf N, P concentrations in higher rainfall but lower-temperature regions should be intrinsic traits for psammophyte
The decreased leaf N, P concentrations with MAT are consistent with precious studies both at regional and large scales (Li et al. 2010; He et al. 2014; Wu et al. 2014) . Low temperature leads to slowing the decomposition rate of organic matter and decreasing available nutrients in soil, then results in slowing nutrient absorption (Aerts and Chapin 1999; Reich and Oleksyn 2004) . Therefore, plant has to increase leaf N, P concentrations to offset the low-temperature stress.
The trends of positive relationships between MAP and leaf N, P concentrations are inconsistent with precious studies (Wright et al. 2001; Li et al. 2010; He et al. 2014) . Generally, water availability affects plant N, P stoichiometry directly or indirectly by adjusting potentially soil N and P availability in semiarid grasslands (Lü et al. 2012; Cregger et al. 2014) . In arid region, incident rainfall availability can change microbe activities, further accelerate nutrients cycling (Austin et al. 2004) . On the other hand, increasing water availability can directly promote the plant nutrients absorption (Lü et al. 2012) . Furthermore, considering the cost-benefit approach, low-rainfall species appears to be lower photosynthetic rate because plant species has lower enzyme content subjected to water stress (Chen and Jiang 2010) . Thus, the lower leaf N and P concentrations in low-rainfall region should be distinct adaptive strategies to water and nutrients co-limiting conditions (Chen and Jiang 2010) . This also accounts for the stronger relationship between leaf N, P and MAP than that between MAT in the study region.
MAP affects leaf N:P stoichiometry directly or indirectly through phylogeny
The SEM elucidates the causal relations among the experimental variables. Precipitation and temperature can either directly affect plant element concentrations by changing both the nutrient allocation among organs and the element concentrations associated with metabolism or indirectly by influencing the leaf N or P concentration via changing soil bio-geographical processes and vegetation composition (Wright et al. 2001; Reich 2005) . However, in the present study, the path coefficient of SEM shows that MAP had direct and indirect effects on leaf N and P concentrations, while MAT had negative, direct effects on leaf N but not on leaf P concentration in the model. The shifts in leaf N and P concentrations were mediated by phylogeny, which may be related to species composition of plant communities, microbes activity and soil water availability (Jing et al. 2015) , thus, indirectly affects ecosystem function by altering the composition of communities, further alters nutrient cycling (Zhang et al. 2012) . These results suggest leaf N:P stoichiometry patterns are mainly associated with MAP in sandy region.
CONCLUSiON
This study comprehensively analyzed the patterns of leaf N:P stoichiometry, and the relative effects of climate factors, as well as phylogeny, on the patterns of leaf N:P stoichiometry in sandy region, north of China. The higher leaf N, P concentrations, but lower N:P ratio were characteristics. The psammophyte was more limited by N, rather P, in sandy region of northern China. MAP presented stronger effects on leaf N:P stoichiometry than MAT did. Water played vital roles in distribution patterns of leaf N:P stoichiometry of psammophyte directly or indirectly by phylogeny in sandy environment.
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